Hielscher AC, Qiu C, Gerecht S. Breast cancer cell-derived matrix supports vascular morphogenesis. Am J Physiol Cell Physiol 302: C1243-C1256, 2012. First published January 25, 2012; doi:10.1152/ajpcell.00011.2012.-The extracellular matrix (ECM), important for maintaining tissue homeostasis, is abnormally expressed in mammary tumors and additionally plays a crucial role in angiogenesis. We hypothesize that breast cancer cells (BCCs) deposit ECM that supports unique patterns of vascular morphogenesis of endothelial cells (ECs). Evaluation of ECM expression revealed that a nontumorigenic cell line (MCF10A), a tumorigenic cell line (MCF7), and a metastatic cell line (MDA-MB-231) express collagens I and IV, fibronectin, and laminin, with tenascin-C limited to MCF10A and MCF7. The amount of ECM deposited by BCCs was found to be higher in MCF10A compared with MCF7 and MDA231, with all ECM differing in their gross structure but similar in mean fiber diameter. Nonetheless, deposition of ECM from BCC lines was overall difficult to detect and insufficient to support capillary-like structure (CLS) formation of ECs. Therefore, a coculture approach was undertaken in which individual BCC lines were cocultured with fibroblasts. Variation in abundance of deposited ECM, deposition of ECM proteins, such as absent collagen I deposition from MDA231-fibroblast cocultures, and fibril organization was found. Deposited ECM from fibroblasts and each coculture supported rapid CLS formation of ECs. Evaluation of capillary properties revealed that CLS grown on ECM deposited from MDA231-fibroblast cocultures possessed significantly larger lumen diameters, occupied the greatest percentage of area, expressed the highest levels of von Willebrand factor, and expressed the greatest amount of E-selectin, which was upregulated independent of exposure to TNF-␣. To our knowledge, this is the first study to report tumor cell ECM-mediated differences in vascular capillary features, and thus offers the framework for future investigations interrogating the role of the tumor ECM in supporting vascular morphogenesis. endothelial cells; extracellular matrix THE EXTRACELLULAR MATRIX (ECM) is a noncellular entity, comprising a variety of macromolecules that together act as a scaffold to provide structural support to overlying cells and the tissues they make up. Locally resident cells, such as fibroblasts, secrete the majority of proteoglycans, nonproteoglycans, and fibrous proteins such as collagens, elastins, fibronectin, etc. (69), which collectively make up the ECM. While previously considered an inert filler substance, the ECM is known to actively influence numerous cellular activities including cell adhesion, proliferation, differentiation, self-renewal, survival, and migration in addition to providing mechanical support to overlying cells (36). In addition, the ECM sequesters numerous bioactive molecules, concentrating them locally and releasing them in response to proteolytic degradation, thereby indirectly influencing cellular decisions (64).
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Alterations in ECM expression have been correlated to tumor development and progression. A well-known example is breast cancer, where increased mammographic density, recently attributed to alterations in stroma and ECM deposition (2, 26, 46) , is associated with an increased risk for development of breast cancer (10, 11, 52) . Provenzano et al. (60) specifically demonstrated that increased collagen deposition in mouse mammary tissues facilitated breast tumor initiation and progression. Additional ECM proteins implicated in breast tumor progression, invasion, and metastasis include tenascin-C (27, 34) and fibronectins (16, 49) . While the aforementioned ECM proteins each contribute to some aspect of breast tumor progression, a direct, causal link between ECM protein expression and pathogenic angiogenesis, a necessary life force for breast as well as other solid tumor expansion, has not been addressed.
Angiogenesis, the generation of new blood vessels from the preexisting vasculature, occurs when endothelial cells (ECs) degrade their underlying basement membrane, proliferate, and invade the surrounding ECM, where they align, resynthesize their basement membrane, and form microvessels. In breast carcinomas, the extent of neovascularization in addition to the presence of high levels of proangiogenic molecules are correlated with poor breast cancer prognosis (24, 48, 51) . While traditional antiangiogenesis therapies have had some success in the clinic, few patients are completely cured of their disease (29, 35) , necessitating investigation into alternative means whereby the tumor vasculature may be targeted.
The ECM is a critical regulator of angiogenesis, sequestering proangiogenic cytokines, regulating EC survival, migration, and proliferation, and providing guidance cues to support capillary morphogenesis (17) . Numerous ECM proteins have been shown to play unique and overlapping roles in the aforementioned steps of angiogenesis. Specifically, EC survival has been attributed to expression of fibronectin or laminin (18, 75) ; EC migration to tenascin-C or laminin (25, 82) ; EC proliferation to fibronectin and collagens I and IV (32, 74, 83) ; and formation and sprouting of vascular structures to a variety of ECM proteins (9, 14, 23, 50) . In vitro evidence for the ability of the ECM as a whole to support capillary morphogenesis was first demonstrated by Soucy and Romer (65) , who reported that a naturally derived, multicomponent ECM obtained from fibroblasts directed the growth of microvessels. Interestingly, another recent report documented that ECM derived from tumorigenic clones of telomerase-transfected mesenchymal stem cells possessed angiogenic potential, supporting in vitro formation of vascular structures (13) . These studies provide initial evidence that the ECM is crucial for supporting capillary morphogenesis and additionally point to the ability of tumor-associated ECM to facilitate vascular formation.
In this study, we hypothesized that ECM deposited by breast cancer cells (BCCs) of different tumorigenic stages supports capillary-like structure (CLS) formation with specific kinetics and characteristics. For this, we explored three BCC lines including a nontumorigenic cell line (MCF10A), a tumorigenic cell line (MCF7), and a metastatic cell line (MDA-MB-231) to capture distinct stages of in vitro breast tumorigenesis. ECM expression and deposition by the epithelial BCC lines was determined and found to be unique for each of the BCC lines. However, ECM deposition by the BCCs was insufficient to support in vitro studies of capillary morphogenesis. Thus a coculture approach, whereby the BCC lines were individually cultured in direct contact with fibroblasts, was established to enable decellularization and in vitro studies of vascular network formation on deposited ECM.
MATERIALS AND METHODS
Cell lines and culture. The BCC lines MCF10A and MDA231 were a gift from the Physical Sciences-Oncology Center (PSOC, National Institutes of Health, Bethesda, MD) and were obtained through the laboratory of Dr. Thea Tlsty (University of California, San Francisco, CA). The breast cancer cell line MCF7 was acquired through the American Type Culture Collection (ATCC, Manassas, VA). The human neonatal foreskin fibroblast (NuFF) cell line was obtained from Global Stem (Rockville, MD) at passage 9. Human umbilical vein endothelial cells (HUVECs) were obtained from Promocell (Heidelberg, Germany). MCF10A cells were cultured in Dulbecco's modified Eagle's medium-F-12 (DMEM-F-12; GIBCO, Carlsbad, CA) supplemented with 5% (vol/vol) horse serum (GIBCO), 0.5 g/ml hydrocortisone, 20 ng/ml human epidermal growth factor, 10 g/ml insulin (Sigma, Allentown, PA), 100 ng/ml cholera toxin (Sigma), and 100 U/ml penicillin and 100 g/ml streptomycin (Sigma). MCF7 cells were cultured in DMEM (GIBCO) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS; GIBCO) and 100 U/ml penicillin and 100 g/ml streptomycin. MDA231 cells were cultured in DMEM supplemented with 10% (vol/vol) FBS (Atlanta Biologicals). NuFF cells were cultured in DMEM supplemented with 10% (vol/vol) heat-inactivated FBS (GIBCO), and HUVECs were cultured in EGM2 medium (Promocell) supplemented with 2% FBS (Promocell). Medium was exchanged every 2-3 days and passaged after reaching 80 -90% confluence with 0.25% trypsin EDTA (Sigma) or 0.05% trypsin EDTA (for HUVECs). All cell lines were maintained at 37°C in a humidified atmosphere containing 5% CO 2. For coculture experiments, individual BCC lines and NuFF cells were seeded on the same day at a 1-to-1 ratio in medium comprising equal volumes of NuFF cell culture medium and medium specific to individual BCC lines (66, 67) . Each well contained 4 -5 ϫ 10 After a coculture period of 9 days, cells were lysed and ECM was isolated as described above. ECM isolation and seeding of HUVECs. ECM from individual cultures or cocultures was decellularized based on a previously established protocol (3) . Briefly, a 50 mM NH 4OH buffer containing either 0.4% or 2% Triton X, depending on experimental conditions, was utilized to lyse all overlying cells while leaving the ECM behind. Decellular ECM was gently washed two times with 1ϫ PBS and utilized for subsequent analyses or for CLS formation assays. Prior to HUVEC seeding, ECM was incubated for 1 h at 37°C in 200 U/ml DNase I recombinant (RNase free) (Roche Scientific; Indianapolis, IN) to ensure complete removal of genomic DNA and thus any residual cells. After incubation, ECM was washed twice with 1ϫ PBS and seeded with 4.0 ϫ 10 5 HUVECs (65). HUVECs on ECM were cultured in the growth medium described above at 37°C in a humidified atmosphere containing 5% CO 2 for 24 h prior to subsequent analyses.
Immunofluorescence staining and imaging of cells and deposited ECM. Cell-containing samples were fixed with 3.7% paraformaldehyde for 30 min, followed by a 10-min incubation in 0.1% Triton X to permeabilize the fixed cells. Deposited ECM was fixed in 3.0% paraformaldehyde for 20 min (65) . Samples were washed in 1ϫ PBS and incubated for 1 h with primary antibody (Table 1) , rinsed twice with PBS, and incubated with appropriate Cy3 or FITC secondary antibodies (Sigma). After being rinsed twice with PBS, in the case of CLS formation, cells were also incubated with FITC-conjugated phalloidin (1:40; Molecular Probes, Eugene, OR) for 1 h, rinsed with PBS, and incubated with DAPI (1:1,000; Roche Diagnostics, Basel, Switzerland) for an additional 10 min. The immunolabeled samples were examined by either fluorescence microscopy (Olympus BX60; Olympus, Center Valley, PA) or confocal microscopy (LSM 510 Meta; Carl Zeiss).
ECM quantification. Decellularized ECM from respective cocultures or from NuFF cultured alone was collected and pooled from two six-well plates with previously established methods (65) . Briefly, ECM was solubilized in 50 mM Tris, pH 7.6, 150 mM NaCl, 0.2% sodium azide, and 0.1% Triton X containing 1ϫ protease inhibitor cocktail (Thermo Scientific). ECM was subjected to centrifugation at 1,000 RPM and 4°C for 10 min. The supernatants were collected and stored at Ϫ80°C. ECM (n ϭ 3) was quantified with the detergentcompatible (DC) protein assay (Bio-Rad, Hercules, CA). Absorbances were read at 750 nm. ECM concentrations were determined with several known concentrations of bovine serum albumin (BSA) standards.
Western blot. Whole cell lysates were prepared in either a TrisTriton X buffer (1% Triton X, 150 mM NaCl, 50 mM Tris pH 7.5) or RIPA buffer (150 mM NaCl, 1.0% Triton X, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0) containing 1ϫ protease inhibitor cocktail (Thermo-Pierce). Protein from either isolated ECM or whole cell lysates was quantified with the DC assay (Bio-Rad) and boiled at 95°C for 5 min in Laemmli buffer (Bio-Rad) with or without . The neurofilament function in Imaris x64 7.2.1 (Bitplane) was utilized to evaluate fiber diameters in three nonoverlapping high-magnification images (40 -60,000ϫ magnification). All samples (n ϭ 3) were evaluated in triplicate, with the exception of ECM derived from MDA231 cells, in which ECM was detectable from only two nonoverlapping areas in one sample.
Quantification of CLS, lumen dimension, and von Willebrand factor expression.
The mean capillary branch points were quantified as we previously described (1, 28, 71, 81) . Briefly, we analyzed 27 images (ϫ10 magnification) taken at different regions of each sample (n ϭ 3; in triplicate) with the "Angiogenesis" tool of Metamorph software 6.1 (Universal Imaging, Downingtown, PA) or Image J [National Institutes of Health (NIH)]. The percent area occupied by CLS were evaluated with Image J (NIH). We evaluated 27 images (ϫ10 magnification) taken at different regions of each sample (n ϭ 3; in triplicate). Each image was thresholded, and the percent area occupied by CLS was assessed with the measurements function tool. Lumen dimensions were determined from the three-dimensional confocal images. Image J (NIH) was utilized to measure capillary lumen diameters from the short and long axes of each lumen. von Willebrand factor (vWF) expression was quantified (n ϭ 2; in triplicate) with Image J as we previously described (19) . Six nonoverlapping images per tested condition were evaluated. Images were separated to vWFand DAPI-counterstained panels, and all pixels within the specified threshold were measured. Pixels of vWF panels that fell within the specified threshold were normalized to nuclear pixels to calculate the average number of vWF pixels per nucleus.
Transmission electron microscopy. After 24 h in culture, vascular structures formed from HUVECs cultured on acellular ECM were fixed in glutaraldehyde-formaldehyde-containing buffer [3% (vol/vol) formaldehyde, 1.5% (vol/vol) glutaraldehyde, 0.1 M Na cacodylate, 5 mM calcium chloride, 2.3 M sucrose, pH 7.4] at room temperature for 1 h and subsequently washed in 0.1 M Na cacodylate-2.5% sucrose three times for 15 min each. Samples were postfixed with Palade's osmium tetroxide for 1 h on ice in the dark and then rinsed once with Kellenberger uranyl acetate and incubated in the dark at 4°C in Kellenberger uranyl acetate. The samples were processed conventionally through EPON embedding. Serial sections were cut and mounted on copper grids. Samples were viewed with a Philips EM410 transmission electron microscope (FEI, Hillsboro, OR). Images were captured with an FEI Eagle 2k camera.
Tumor necrosis factor-␣ activation. To activate CLSs, HUVECs were seeded on acellular ECM for 12 h. After 12 h in culture, the cells were treated with medium containing a final concentration of 30 ng/ml tumor necrosis factor (TNF)-␣ (68). For controls, HUVECs on acellular ECM were given an equal volume of medium not containing TNF-␣. After 12 h of treatment, samples were collected for real-time quantitative RT-PCR.
Real-time quantitative RT-PCR. Two-step RT-PCR was performed on HUVECs cultured on acellular ECM, with or without TNF-␣ exposure. Total RNA was extracted with TRIzol (GIBCO, Invitrogen) according to the manufacturer's instructions. Total RNA was quantified by an ultraviolet spectrophotometer. The samples were validated for having no DNA contamination. RNA (1 g per sample) was subjected to reverse transcriptase using Moloney murine leukemia virus (M-MLV; Promega, Madison, WI) and oligo(dT) primers (Promega), according to the manufacturer's instructions. The TaqMan Universal PCR Master Mix and Gene Expression Assay (Applied Biosystems, Foster City, CA) was used for E-selectin (ESEL) and ICAM and GAPDH, according to the manufacturer's instructions. The TaqMan PCR step was performed with an Applied Biosystems StepOne Real-Time PCR System (Applied Biosystems), following the manufacturer's instructions. The relative expression of ICAM and ESEL was normalized to the amount of GAPDH in the same cDNA by using the standard curve method described by the manufacturer. For each primer set, the comparative computerized tomography method (Applied Biosystems) was used to calculate amplification differences between the different samples. The values for experiments were averaged and graphed with standard deviations.
Statistical analyses. All analyses were performed in triplicate for n ϭ 3. vWF expression was analyzed in triplicate wells for n ϭ 2 samples. Expression data of ESEL and ICAM were performed on triplicate samples. Statistical analysis was performed with GraphPad Prism 4.02 (GraphPad Software, La Jolla, CA). GraphPad Prism 4.02 was used to perform two-tailed t-tests, one-way ANOVA with Tukey's posttest, or nonparametric Friedman's test with Dunn's posttest, where appropriate. Significance levels were set at P Յ 0.05, P Յ 0.01, and P Յ 0.001. Unless otherwise indicated, all graphical data are reported as ϮSE.
RESULTS

Breast cancer cell ECM protein expression.
The BCC lines MCF10A, MCF7 and MDA231, representative of the in vitro stages of breast cancer, were assessed to determine whether patterns of ECM protein expression differ among the BCC lines along the culture period. Cells were cultured to confluence and examined after 6, 9, and 12 days. Fibronectin, a large 440-kDa glycoprotein, is frequently subjected to proteolytic degradation, resulting in the production of numerous smaller fragments (7) . Similarly, we note the presence of several fibronectin fragments in each of the BCC lines along the culture period (Fig. 1A) . While each of the fragments may have important implications for breast cancer progression, we focused specifically on the 110/120-kDa and 33/66-kDa fragments, of interest to the present study as these fragments have been shown to promote EC adhesion, spreading, and proliferation (30, 79) . Here, we note the presence of the 110/120-kDa fragments in each of the BCCs along the culture period, with enriched expression of the 110/120-kDa fragments in MCF10A and MDA231 and the 33/66-kDa fragments in MCF7 (Fig. 1A) . Evaluation of laminin revealed that it was confined to MCF10A, where greater abundance was observed at day 12, and MDA231, where abundances were similar along the culture period (Fig. 1B) . For collagen I, reproducible immunoblots consistently demonstrated four bands, likely corresponding to, in order of smallest (i.e., most processed) to largest (i.e., least processed) molecular weight, ␣1(I), pro-␣ 1(I) N, pro-␣1 C, and pro-␣1(I) (5, 61, 65) . All four collagen products were noted, with variable expression between the cell lines and along the culture period (Fig. 1C) . For instance, in MCF10A, all four collagen products were absent at day 6, with pro-␣1(I) absent at days 9 and 12 (Fig. 1C) . The least processed of the collagen products, pro-␣1(I), was constrained to MDA231 (Fig. 1C) . For collagen IV, bands corresponding to 180 to Ͼ220 kDa were observed in each of the BCC lines, with the most pronounced expression observed for MCF7 (Fig. 1D) . Tenascin-C was weakly expressed and limited to MCF10A and MCF7 (Fig. 1E) .
Breast tumor cell ECM deposition. To specifically study the effect of deposited ECM, BCCs were cultured for 6 -9 days and lysed with a strong base, leaving the decellularized ECM. We chose to use this method as it was previously shown to generate decellularized fibroblast-derived ECM, which supported vascular tubulogenesis of HUVECs (65) . Interestingly, MCF10A cells were found to produce significantly more ECM compared with MCF7 and MDA231 ( Fig. 2A) . However, while an abundant decellular ECM deposited by a control fibroblast cell line, human neonatal foreskin fibroblast (NuFF) cells, could be detected by fluorescence microscopy (Fig. 2B) , ECM deposited by BCCs could not be robustly detected (Fig. 2B) . To visualize the deposition of ECM from BCC lines, scanning electron microscopy (SEM) was utilized, which not only confirms that each of the BCC lines deposits ECM but further validates the limited ECM produced by these cells (Fig. 2C) . It is important to note that while MCF10A shows ECM in the entirety of the image, this ECM was typically detected in a small section of the coverslip. After further analysis of highresolution SEM images, we noted unique differences in the morphology of ECM. Specifically, we observed that MCF10A ECM has an overall organized, interconnected fiber morphology; MCF7 ECM has a less organized arrangement of fibers; MDA231 ECM has a thin, sparse fiber morphology; and NuFF has a copious monolayer of ECM containing both large and thin-diameter fibers (Fig. 2D) . Given the unique differences in fiber morphologies, we sought to further investigate whether differences in fiber diameters exist between the ECM deposited by each of the NuFF and BCC lines. With high-resolution SEM images, all BCCs and NuFF were found to deposit ECM containing fibers with mean diameters ranging from 0.1 to 0.5 m, with MDA231 cells depositing ECM containing slightly larger-mean diameter fibers than MCF10A, MCF7, and NuFF cells (Fig. 2E) . It is important to note that ECM deposited from BCCs, and specifically from MDA231, were difficult to process and analyze compared with ECM deposited from NuFF. Decellular ECM from cocultures. As our overall aim is to analyze the effect of cancerous ECM on CLS formation from ECs, we needed a robust method to generate an abundant decellularized ECM. Thus we sought to evaluate and charac- terize ECM deposited from coculturing individual BCC lines with fibroblast cells, reasoning that this is a desirable strategy as stromal cells are frequently recruited to tumors. Attempts to use primary human mammary fibroblasts failed, as their in vitro expansion is limited and inconsistent, and thus we utilized NuFF cells, a human dermal fibroblast cell line. BCCs were cocultured with NuFF cells for 9 days, with all overlying cells removed as described above, leaving the decellularized ECM behind. By SEM, the ultrastructure of coculture-derived ECM revealed an abundance of ECM deposited by each of the BCC lines cocultured with NuFF (Fig. 3A) , a striking observation to the ECM deposited by BCC monocultures. Here as well, all BCC-NuFF cocultures and NuFF alone were found to deposit ECM containing fibers with mean diameters ranging from 0.1 to 0.5 m, with BCC-NuFF-derived fibers having statistically significant larger-overall mean diameter fibers than NuFFderived fibers (Fig. 3Bi) . Within BCC-NuFF cocultures, it was found that MCF10A-NuFF and MCF7-NuFF produced significantly larger-mean diameter fibers than MDA231-NuFF (Fig.  3Bi) . Interestingly, evaluation of large-diameter fibers revealed that fibers with a mean diameter ranging from 0.25 to 0.5 m were not present in ECM deposited by NuFF (Fig. 3Bii) .
The decellular ECM deposited by cocultures could be easily detected by fluorescence microscopy (Fig. 3C) . Moreover, cocultures of all BCC lines with NuFF deposited significantly more ECM than NuFF alone, with similar quantities being deposited among the tested BCC lines (Fig. 3D) . These observations suggest an additive effect of the coculture approach on the deposition of ECM.
We then determined the composition of the decellular ECM. Specifically, we investigated the presence of laminin, tenascin-C, collagens I and IV, and fibronectin. We did not observe Western blot demonstrated the presence of collagens I and IV, laminin, and fibronectin in ECM from all tested cases, with the exception of collagen I, which was not detected in MDA231-NuFF ECM, and laminin, which was negligibly expressed in NuFF ECM. Significance levels were set at *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. Values shown are means Ϯ SE. differences in abundance of collagen IV from ECM obtained from NuFF and each of the BCC-NuFF cocultures (Fig. 3E) . Similarly, we did not observe differences in the 110/120-kDa fibronectin fragments between each of the tested conditions; however, we do note that the smaller 33/36-kDa fragments were more abundantly expressed in ECM deposited from NuFF cells (Fig. 3E) . The most notable difference in ECM protein expression was observed for collagen I and laminin. For collagen I, we reproducibly observed two products visualized at 200 -250 kDa, potentially corresponding to the unprocessed pro-␣1(I), and 75 kDa, possibly corresponding to the processed ␣1(I) (Fig. 3E) . The larger 200-to 250-kDa collagen product was not observed from ECM deposited from MDA231-NuFF cocultures, while similar abundances were found in the remaining tested ECM (Fig. 3E) . The smaller 75-kDa collagen product was barely visible in ECM deposited from each of the tested conditions (Fig. 3E) . Evaluation of laminin revealed that it is absent in ECM deposited by NuFF cells but is found in similar quantities in ECM deposited from each of the BCCNuFF cocultures (Fig. 3E) . It should be noted that while immunofluorescence staining uncovered the presence of tenascin-C in all tested ECM (Fig. 4) , it was not observed after several attempts at immunoblotting. Immunofluorescence staining verifies the presence of ECM proteins described above, further illustrating the limited collagen I deposition from MDA231-NuFF cocultures (Fig. 4) . No significant differences could be observed in the organization of the deposited ECM proteins (Fig. 4) .
Vascular morphogenesis on coculture-derived ECM.
To determine whether ECM deposited by the BCC lines cocultured with NuFF contributes to distinct differences in formation of CLS, we cultured HUVECs on decellularized ECM. We observed that HUVECs rapidly organized into CLS in all tested conditions within a time frame of 24 h (Fig. 5A) . Exogenous growth factors were not added to the medium and CLS did not form in chamberslide controls (data not shown), suggesting that deposited ECM guided the formation of CLS. Moreover, differences in CLSs were evident among the different culture scenarios. CLS from each of the BCC-NuFF coculture conditions exclusively formed capillary branch points Ͼ1,500, numbers not observed for CLS grown on NuFF ECM (Fig. 5Bi) . In addition, we observed that CLS grown on MDA231-NuFF ECM possessed capillaries that occupied the greatest percent area evaluated (Fig. 5Bii) .
To verify the structures for tubular organization, cross sections of three-dimensional (3D) reconstructions of tubes with capillary lumens were identified in CLS grown on all tested ECM (Fig. 6A) . The average lumen diameters for both short and long axes were largest for CLS grown on MDA231-NuFF ECM, with the long axes of lumens from these structures being significantly larger when evaluated against lumens from CLS grown on MCF10A-NuFF-, MCF7-NuFF-, and NuFF-derived ECM (Fig. 6B) .
Characterization of CLS. We next characterized the vascular structures formed on deposited ECM. First, the expression of vWF, a glycoprotein that plays a role in vascular hemostasis, was analyzed. vWF was expressed in CLS grown on NuFF ECM and each of the BCC-NuFF ECM. After quantification of vWF, we note that CLSs grown on BCC-NuFF ECM produce more vWF overall, compared with CLSs from NuFF ECM, with MDA231-NuFF expressing the most significant levels (Fig. 7Ai) . Abundantly expressed vWF was detected by high-magnification confocal imaging of CLS formed on MDA231-NuFF ECM (Fig. 7Aii) . Transmission electron microscopy (TEM) analyses revealed lengthened tubular structures with distinctive lumens and Weibel-Palade (WP) bodies, storage granules for vWF (72) , within the cytoplasm of HUVECs (Fig. 7B) .
Finally, we examined CLS response to stimulation by TNF-␣, an inflammatory cytokine that has been shown to upregulate the expression of ICAM and E-selectin (Esel) in vascular cells (19, 68, 73) . First, we found that after 24 h of HUVEC culture on decellularized ECM (without the addition of TNF-␣), CLSs formed on NuFF ECM express more ICAM than CLSs formed on all BCC-NuFF ECM (Fig. 7Ci) . For Esel, we found that it is highly expressed in CLS cultured on MDA231-NuFF ECM (Fig. 7Ci) . Normalizing the expression levels of the treated samples to the expression levels of the untreated samples, we found similar responses to TNF-␣ of all CLS (Fig. 7Cii) . Overall, exposure of CLS, previously in culture for 12 h, to TNF-␣ for an additional 12 h resulted in upregulation of both ICAM and Esel in CLS from all tested ECM (data not shown).
DISCUSSION
It is well known that angiogenesis is a hallmark of breast as well as other solid tumor malignancies. While several eloquent studies have elucidated the roles of various signaling molecules and microenvironmental conditions facilitating tumor angiogenesis, little attention has been given to the ECM, a known regulator of homeostatic angiogenesis. Since the ECM directs angiogenesis and is aberrantly expressed in breast carcinomas (34, 40 -42) , it is necessary to understand how the expression profiles of ECM proteins change during breast tumor progression and how this ECM potentiates tumor stage-associated changes in angiogenesis.
To study the effect of cancerous ECM on vascular networks in vitro, we utilized an approach in which decellular ECM, deposited by carefully selected BCC lines cocultured with fibroblasts, served as a scaffold for CLS formation. Given the propensity for tumor cells to recruit stromal cells to the tumor mass (6, 38, 63), we reasoned that such an approach will enable a systematic study of the formation, kinetics, and characteristics of the vascular networks in a cancerous ECM environment. For this, we explored three BCC lines including a nontumorigenic cell line (MCF10A), a tumorigenic cell line (MCF7), and a metastatic cell line (MDA-MB-231) to capture distinct stages of breast tumorigenesis. We recognize that while several mechanisms may be implicated in breast tumor-associated changes in ECM deposition, namely, direct cell-cell contact between BCCs and fibroblasts and BCC growth factor-induced changes in fibroblasts, attempts to differentiate these unique systems were beyond the scope of the present study.
First, we determined the expression of ECM proteins including collagens I and IV, fibronectin, tenascin-C, and laminin along the culture of BCC lines MCF10A, MCF7, and MDA231. We found that these ECM proteins, which are aberrantly expressed in breast carcinomas (15, 37, 45, 58 -60) and additionally facilitate angiogenesis (31) , are expressed in almost all of the BCC lines tested. ECM protein patterns have been demonstrated to be differentially expressed between breast tumor cells and nontumor cells (34, 40 -42) . Concordant with these studies, our results uncovered differences in ECM proteins expressed among the BCC lines tested. For instance, laminin was restricted to MCF10A and MDA231, tenascin-C to MCF10A and MCF7, and collagens I and IV to MDA231 cells. Several fibronectin fragments, a result of proteolytic degradation (7), were present in all BCCs. While we acknowledge that each of the fragments may play a unique role in breast cancer progression, we focused specifically on those fragments, namely, the 110/120-kDa and 33/66-kDa fragments, implicated in EC adhesion, spreading, and proliferation (30, 79) . The 110/120-kDa and 33/66-kDa fibronectin fragments were present in each of the BCC lines, suggesting a potential role whereby these fragments, when deposited in the extracellular space, facilitate tumor angiogenesis.
After identification of differentially expressed ECM proteins in BCC lines, we sought to investigate whether BCC lines deposit ECM, which could be characterized in terms of ECM protein expression and abundance as well as its ability to support in vitro vascular morphogenesis. Recent studies have described the identification of ECM proteins in decellularized matrixes derived from fibroblasts (43, 65, 80) . Similar to these reports, we document that NuFF cells deposit an extensive 3D matrix expressing collagens I and IV, fibronectin, tenascin-C, and laminin. Unlike NuFF cells, BCC lines did not deposit ECM that could be readily identified with immunofluorescence microscopy or immunofluorescence staining for the aforementioned ECM proteins. High-resolution analysis using SEM was necessary to validate that BCC lines deposit identifiable ECM. Moreover, this analysis further confirmed the limited quantity and uneven distribution of ECM deposited by BCC lines. These observations were further confirmed after quantification of total BCC-derived ECM. Overall, these analyses are the first, to our knowledge, to demonstrate that BCC lines do deposit identifiable ECM having morphological differences. Such differences may have important implications for breast tumor progression. However, since the goal of this study was to investigate CLS formation on decellularized ECM, a more robust system, reminiscent of the in vivo environment, was needed in order to conduct such studies.
Stromal cells are frequently recruited to tumors (6, 38, 63) and have been further shown to facilitate tumor progression (47, 57, 70) . Thus, as the deposition of ECM from the epithelial BCCs was insufficient to support in vitro studies of capillary morphogenesis, we pursued a coculture approach in which fibroblast cells were individually cocultured with each of the BCC lines. This strategy allowed us to determine whether tumor stage-associated changes, represented by the nontumorigenic MCF10A, the tumorigenic MCF7, and the metastatic MDA231 BCC lines, differentially affect capillary morphogenesis on decellularized ECM. Earlier attempts to perform these studies with primary human mammary fibroblasts failed as their in vitro expansion is limited and inconsistent, and thus we utilized a human dermal fibroblast cell line, NuFF.
After isolation of ECM from NuFF and each of the BCCNuFF cocultures, we observed significant increases in overall ECM deposited from each of the BCC lines cocultured with NuFF, illustrating an additive benefit a coculture approach has on ECM deposition. Additionally, we discovered differences in ECM organization. For example, we found that while mean fiber diameters were similar for ECM deposited by all cocultures and NuFF alone, larger-mean diameter fibers (0.25-5.0 m) could not be detected in NuFF ECM. It is well known that mammographically dense tissue, attributed to alterations in stroma and ECM deposition (2, 26, 46) , is associated with an increased risk for breast cancer (10, 11, 52) . It would be interesting to pursue whether the large 0.25-to 5.0-m fibers, exclusive to BCCs cocultured with NuFF, contribute to the mechanical stiffness characteristic of breast tumors.
Finally, differences in ECM protein expression were observed. Here, we report alterations in collagen I and laminin expression between ECM deposited from NuFF and each of the BCC-NuFF cocultures. Of interest is stromal collagen, its presence and abundance known to facilitate breast tumor initiation and invasion (59, 60) . After evaluation of stromal collagen I in ECM deposited from NuFF and each of the BCC-NuFF cocultures, we found that the largest of the detectable products, potentially corresponding to the unprocessed pro-␣1(I), was absent only in ECM deposited from MDA231-NuFF cocultures. On the other hand, the smallest of the products, potentially corresponding to the processed ␣1(I), was negligibly expressed in ECM from NuFF and each of the BCC-NuFF cocultures. The observation of the absence of collagen I deposition from MDA231-NuFF cocultures is striking, as both the fully unprocessed and processed collagen products were detected in cellular lysate from MDA231 cells. The absence of collagen I in ECM deposited from cocultures of metastatic MDA231 BCCs with NuFF may suggest that collagen I either is not deposited by the direct association of MDA231 BCCs with NuFF cells or is degraded by proteinases released by MDA231 cells. Further investigations are needed in order to address this observation. In addition, we note differences in the expression profiles for laminin, where we observed enriched abundance in ECM deposited from each of the BCCs cocultured with NuFF and negligible expression in ECM deposited from NuFF. These observations suggest that laminin, a structural component of the basement membrane of cells, is deposited predominantly when BCCs, irrespective of in vitro tumor grade, are directly cultured with NuFF cells. Whether these observations are due solely or in part to direct cell-to-cell interactions or to BCC-secreted growth factors is not understood. While previous studies have investigated differences in expression patterns of ECM proteins in breast tumor tissues (34, 40 -42) , findings that are concordant with our observations, we describe for the first time the isolation and characterization of ECM derived from BCC lines cultured with fibroblasts. Overall, we report unique differences in ECM protein expression, organization, and abundance among the ECM derived from the individual cocultures of BCCs with fibroblasts, observations that may have important implications for breast tumor initiation and progression.
Several groups not only have highlighted the differences in ECM protein expression and distribution in breast tumor tissues but have recently linked abnormal ECM architecture to breast tumor invasion and metastasis (4, 53) . One means whereby an aberrant ECM framework in breast carcinomas may potentiate breast tumor progression is its ability to induce pathological angiogenesis. It is well known that individual ECM proteins have both distinct and overlapping roles in their abilities to promote and sustain angiogenesis (31) . Recently, it was eloquently demonstrated that cellular-derived ECM, comprising a number of ECM proteins, efficiently supported EC vasculogenesis in vitro (65) , while ECM derived from tumorigenic clones of telomerase-transfected mesenchymal stem cells was found to possess angiogenic potential, supporting in vitro formation of vascular structures (13) . Similar to these studies, we found that ECM deposited by each of the BCC lines cocultured with fibroblasts supported the organization of vascular structures from mature ECs.
Aberrant vascular morphological features influence how tumors progress and respond to therapeutic agents (55) . In breast cancer, angiogenesis is first evident at the preinvasive stage of ductal carcinoma in situ (21) , with the extent of microvessel density being directly correlated with breast tumor size and metastatic potential (8, 20) . While these studies have assessed the extent of tumor angiogenesis through the use of immunohistochemistry against the EC marker CD31, we sought to determine whether the various ECM induced unique patterns of 3D CLS formation. First, we found that CLS from each of the BCC-NuFF coculture conditions exclusively formed capillary branch points in numbers not observed for CLS grown on NuFF ECM. In addition, we observed that CLSs grown on MDA231-NuFF ECM have a complex structure and occupied the greatest percent area evaluated. Moreover, 3D z-stack confocal microscopy analysis revealed that the long axes of lumens from vascular networks formed on MDA231-NuFF ECM are significantly larger compared with all other BCC-NuFF cocultures and NuFF alone.
In an attempt to assess the angiogenic potential of CLS formed on the various ECM, we analyzed CLS for vWF, a large glycoprotein that not only participates in vascular hemostasis via binding of platelets to the subendothelial matrix but has been associated with tumor metastasis (22, 76) . One important means whereby tumor cells metastasize is via their adhesion to the capillary wall prior to extravasation, a process mediated by platelet aggregation to tumor cells (54, 56) . Utilizing interfering antibodies, Karpatkin et al. (39) found that metastases could be largely reduced via elimination of vWF binding with platelet-tumor cell aggregates, demonstrating the important role of vWF in tumor metastatic spread. In concordance with these studies, we report that CLSs grown on MDA231-NuFF ECM express the greatest level of vWF. In addition, we report the presence of WP bodies, detected through the use of TEM. WP bodies are EC-specific cytoplasmic organelles (33, 78 ) that serve as storage sites for vWF (72) . The punctate presence of WP bodies in the cytoplasm of vascular structures further confirms vascular expression of vWF. Given that the present study utilized non-tumor-associated ECs, the enriched expression of vWF in CLS grown from MDA231-NuFF ECM is likely a result of an abnormal ECM. Therefore, it is conceivable that the ECM, localized to an environment composed of metastatic tumor cells, may be one mechanism driving increased vWF expression in capillaries and concomitant metastatic tumor spread.
TNF-␣, an inflammatory cytokine implicated in breast tumorigenesis (44, 77) , has been shown to upregulate the expression of downstream genes ICAM and Esel in both mature and progenitor vascular cells (19, 68, 73) . Moreover, enriched Esel and ICAM expression in ECs have been shown to support tumor metastasis, a process mediated by EC TNF-␣ activation (12, 62) . We found that without the addition of TNF-␣, ICAM is suppressed in CLS grown on BCC-NuFF ECM compared with CLS grown on NuFF ECM. Esel, on the other hand, is upregulated significantly in CLS grown on MDA231-NuFF ECM. All CLSs, regardless of their culture on the various tested ECM, responded similarly to the external addition of TNF-␣, confirming prior reports (19, 68, 73) . Our results, demonstrating different expression levels of ICAM and Esel in CLS grown in NuFF and MDA231-NuFF ECM environments, respectively, may suggest that the ECM sequesters cell-produced TNF-␣, which in turn activates the overlying vascular cells.
Overall, our results indicate that ECM derived from fibroblast ECM and from cocultures of BCCs with fibroblasts promotes rapid formation of CLS, suggesting that deposited ECM from each of the tested conditions is sufficient in its protein expression and abundance to elicit vasculogenesis. Coculturing the metastatic MDA231 BCCs with fibroblasts gave rise to ECM, which supported the development of CLS having statistically significant differences in capillary lumen diameters, percent area occupied by vascular structures, vWF expression, and response to TNF-␣ stimulation. To our knowledge, these studies are the first of their kind to provide important insights into the means whereby cocultures of stromal fibroblasts with BCC lines, each representing the in vitro stages of breast tumorigenesis, differentially deposit ECM that supports unique patterns of vasculogenesis. These studies provide the framework for future investigations aimed at interrogating the role of the tumor ECM in supporting vascular morphogenesis, inquiries that have the potential to uncover novel targets for antiangiogenic treatments.
